1. Introduction {#sec1}
===============

Psychiatric disorders affect a large percentage of the general population \[[@B1]\], and affected individuals present with mood alterations, psychosis, and in some cases combinations of both. Consequently, accurate diagnoses of mood and psychotic disorders may be deferred until certain criteria are met, resulting in treatment delays and decreased patient compliance with most patients undergoing multiple drug treatments. Given the plethora of treatment options available and the trial and error approach used in their administration, most patients do not respond favorably to treatment, and there is little data to predict individual treatment response. Whereas there is no "one size fits all" treatment course for the current diagnostic classifications, the possibility remains that, at an individual level, distinct medications may yield superior efficacy. Therefore, it is important to continue efforts to identify new ways to personalize treatment and improve outcomes. This approach may lead to a subgroup of patients, based upon molecular subtyping, that show better response to medications than other patients with a different molecular subtype. This review will focus on gene expression studies pertaining to treatment response in major depressive disorder (MDD), bipolar disorder (BD), and schizophrenia (SZ) and will provide an example of a biomarker study in individuals with first-episode SZ.

Pharmacogenetic studies have identified single nucleotide polymorphisms (SNPs) associated with treatment response to antipsychotics, mood stabilizers, and antidepressants (for reviews, see \[[@B2]--[@B5]\]). Serotonin and dopamine receptor polymorphism genotype, homovanillic acid levels, and severity of illness are a few of the predictive factors available, but the task of selecting the most effective treatment for each patient still remains a challenge \[[@B3], [@B6]\]. Identification of novel early response biomarkers may enable patients to receive more individualized treatment, thereby reducing symptoms and adverse effects and increasing quality of life for patients. One area of genetic research that may in the future prove to be useful in classification of treatment and nontreatment responders will be the examination of methylation status of genomic DNA. This approach has been tried in peripheral samples in BD and SZ for demonstrating differences in methylation levels of single genes and genomewide between affected individuals and controls \[[@B7]--[@B10]\], while in MDD, a majority of methylation studies have been performed in postmortem brain \[[@B11], [@B12]\]. In MDD, there have also been studies investigating the association of methylation and histone modifications with antidepressant treatment response (reviewed in \[[@B13]\]). For example, Lopez et al. \[[@B14]\] found that there is a significant decrease in H3K27me3 levels at promoter-IV of the BDNF gene in MDDs responding to 8 weeks of treatment with citalopram. BDNF is a gene of interest in depression since there is much evidence linking it to the etiology of depression, and its treatment \[[@B15]\]. Decreased BDNF gene expression has been associated with stress and depression and this downregulation can be reversed with antidepressant treatment \[[@B16]\].

The use of gene expression classifiers of antipsychotic, mood stabilizer, or antidepressant responses is an alternative strategy that may allow for prediction of individual drug response prior to or in the early phase of drug administration. Gene expression can change dynamically or remain state independent, as opposed to SNPs that are fixed and do not respond to medications or changes in psychiatric symptoms. Gene expression profiling has been successfully used in the investigation of response to treatment for several medical conditions, such as breast cancer \[[@B17]--[@B19]\], colon cancer \[[@B20]\], and cardiovascular disease \[[@B21]--[@B23]\]. These studies highlight the potential for the use of peripheral gene expression in investigations of the underlying pathophysiology of mood disorders and SZ. Although highly heritable, MDD, BD, and SZ are believed to be the product of multiple interacting genetic and environmental variables which can be investigated using gene expression \[[@B24]\]. The examination of gene expression alterations as potential biomarkers may allow for trait- as well as state-dependent markers of BD, MDD, and SZ subgroups, perhaps allowing insight into potential key biological processes implicated in these disorders.

2. Peripheral Gene Expression {#sec2}
=============================

The main interest in using peripheral blood for potential classifiers of antidepressant, antipsychotic, and mood stabilizer response, as opposed to brain tissue samples, is the relative ease of acquisition and the practical utility of blood samples. The peripheral blood transcriptome shares greater than 80% homology with genes expressed in the brain \[[@B25]\], heart, liver, spleen, colon, kidney, prostate, and stomach \[[@B26]\], as well as having its intensity of gene expression for a number of biological processes comparable to that of the prefrontal cortex \[[@B27]\].

The use of blood cells to perform microarray studies has become increasingly popular due to the numerous advantages it provides, including the possibility to collect larger sample sizes with a minimally invasive procedure \[[@B28]\]. The use of blood, from living subjects, to study gene expression avoids the influence of confounding variables associated with postmortem brain studies, such as the postmortem interval, low pH, and other factors that decrease the integrity of mRNA and which must consequently be accounted for in subsequent analyses \[[@B29]\]. A recent gene expression study among psychiatric patients demonstrated the possibility of discriminating between schizophrenia and bipolar disorder using a blood-based protocol \[[@B30]\]. This same group has also confirmed findings implicating the selenium-binding protein 1 gene in schizophrenia using both brain and blood samples \[[@B31]\]. Recently, Rollins et al. \[[@B25]\] demonstrated considerable overlap between gene expression in brain and peripheral blood, from the same individual, using two independent populations and different high-throughput array platforms. A comprehensive study by Sullivan and colleagues \[[@B27]\] provides a pragmatic outlook on the use of peripheral gene expression and the comparability of results to that of the CNS. Sullivan et al. \[[@B27]\] carried out a secondary analysis on data stemming from 79 human tissues for 33,698 genes (probed using the Affymetrix U133A microarray). They observed that the nonparametric correlation between whole blood and CNS tissues was 0.5 and that only 21 genes from a group of 45 SZ candidate genes were expressed in both the periphery and CNS and lastly that expression levels of genes in relevant biological processes were not significantly different between tissues. This study brings to attention, that although blood and brain are not 100% comparable, there are definite similarities in expression patterns which endorse the use of whole blood and its individual cells (lymphocytes, peripheral blood mononuclear cells) as a proxy for the brain, although some caution must be used in any interpretations made. Middleton and colleagues \[[@B32]\], when exploring lymphocyte gene expression in BD and SZ, observed opposing directionality of gene expression in lymphocytes to that of the same genes in the brain. The authors conclude, very importantly, that one should not disregard those findings present solely in the periphery or opposing findings made in the CNS due to their being of great potential in the use of peripheral blood in the study of psychiatric disorders. These reports are encouraging in that they provide positive evidence that peripheral markers are robust and are able to produce some findings that are comparable to those from postmortem studies, thus lending support to the use of peripheral blood samples as an advantageous alternative in the quest for the biological markers of brain-based disorders.

3. Noncoding RNA {#sec3}
================

Only a few studies of noncoding RNA have been conducted for biomarkers in human subjects, while in preclinical investigations, there has been an explosion of noncoding RNA studies. An area of research related to noncoding RNA and gene expression is microRNA (miRNA). miRNA can control both the level and translation of mRNA \[[@B33]\], thereby coordinating spatial and temporal localization of gene expression and protein in tissue. Gardiner et al. \[[@B34]\] found miRNAs in the maternally expressed DLK1-DIO3 region on chromosome 14q32 to be downregulated in SZ peripheral blood mononuclear cells (PBMCs). Lai and colleagues \[[@B35]\] performed a miRNA study using a test set of 30 SZ and 30 controls from which they identified a seven miRNA signature using supervised methods, and confirmed the discriminatory power of the signature in an independent cohort of 60 SZ, and 30 controls with an area under the curve of 85%. miRNAs have not only been examined for phenotypic association, but also with regards to treatment response. Chen et al. \[[@B36]\] treated 20 lymphoblastoid cell lines (10 BD and 10 discordant siblings) with lithium and then analyzed the expression levels of 13 miRNAs. They observed significant changes in expression of seven miRNAs after four days of treatment and four of these (miR-34a, miR-152, miR-155, and miR-221) continued to exhibit expression changes at day 16. Using miRanda and TargetScan to focus on the mRNA targets of miR-221 and miR-34a (previously found by \[[@B37]\] to have altered expression in rat hippocampus with lithium), they found 39 targets to be inversely correlated to miR expression. Several studies have recently been carried out to probe the relationship between miRNAs and antidepressant treatment and response. Bocchio-Chiavetto and colleagues \[[@B38]\] found 30 miRNAs to be differentially expressed in blood samples from ten depressed individuals following twelve weeks of antidepressant treatment with escitalopram. Oved et al. \[[@B39]\] profiled miRNAs, using microarrays, in eight lymphoblastoid cell lines, exhibiting high or low sensitivity to paroxetine. A comparison of these groups identified several miRNAs with significant expression differences between groups, particularly, miR-151-3p which targets CHL1, a gene implicated in neuronal plasticity. The serotonin transporter (SERT), which is the direct target of the SSRI class of antidepressants, was found to be the target of miR-16 \[[@B40]\]. In their study, Baudry et al. \[[@B40]\] determined that chronic treatment of mice with fluoxetine increased levels of miR-16 in the dorsal raphe thereby reducing SERT expression, similar to the function of SSRIs. These findings demonstrate a likely role of miRNAs in treatment response.

4. Peripheral Gene Expression Studies for Identification of Diagnosis {#sec4}
=====================================================================

4.1. Major Depressive Disorder {#sec4.1}
------------------------------

Until recently, few microarray studies employing peripheral blood samples to investigate gene expression in MDD were available; the majority of studies used quantitative real-time PCR (qPCR). qPCR studies of blood gene expression have revealed a number of interesting alterations in MDD patients, including a reduction of glucocorticoid receptor alpha expression \[[@B41]\], reduction of glyoxalase-1 mRNA levels \[[@B42]\], reduced expression of neurotrophic factors \[[@B43]\], reduced PDLIM5 gene expression \[[@B44]\], and increased levels of CREB and HDAC5 \[[@B45]\]. The level of expression of the serotonin transporter in MDD patients is a source of inconsistency, with two studies showing increased levels \[[@B46], [@B47]\] in leukocytes and PBMCs and another study reporting decreased levels in lymphocytes \[[@B48]\].

Several studies exploring peripheral gene expression using microarray technology were recently published. Segman et al. \[[@B49]\] identified a gene expression signature capable of differentiating mothers prone to postpartum depression soon after childbirth. They observed a reduction in expression of genes involved in transcriptional activation, cell proliferation, immune response, and DNA replication and repair. Spijker et al. \[[@B50]\] investigated peripheral gene expression in MDD patients through stimulation and incubation of blood samples from MDDs and controls with lipopolysaccharide (LPS), a lipoglycan shown to produce depressive-like behaviors in humans \[[@B51]\], prior to RNA extraction. In this study, the authors found that there is a difference in LPS-stimulated gene expression in MDD patients versus controls, leading to the identification of a predominantly immune-related biomarker with 87.5% sensitivity and 61.5% specificity to differentiate between cases and controls.

4.2. Schizophrenia {#sec4.2}
------------------

Gene expression profiling using microarrays in peripheral samples from SZ and controls has identified several likely candidates for future investigation \[[@B28]\]. Tsuang and colleagues \[[@B30]\] determined the utility of peripheral gene expression in the identification of a gene signature capable of discriminating between SZ, bipolar disorder, and controls. Their signature was composed of eight genes---APOBEC3B, ADSS, ATM, CLC, CTBP1, DATF1, CXCL9, and S100A9. This gene signature was derived using a cohort of 30 SZ, 16 BD, and 28 controls. Kurian et al. \[[@B53]\] identified 50 candidate biomarkers for SZ and psychotic disorders and 107 biomarkers for delusions from a sample of 31 subjects with SZ and related disorders. In a sample of 52 unmedicated SZ and 28 controls, Takahashi et al. \[[@B54]\] identified eight genes and two expressed sequence tags, expressed both in blood and brain, to differentiate between SZ and controls. Bowden et al. \[[@B55]\] identified altered peripheral gene expression in 18 genes with brain-associated functionality in a sample of 14 SZ and 14 psychiatrically normal controls. A comparison of untreated first-episode schizophrenics (*N* = 32) to age- and gender-matched controls (*N* = 32) resulted in the identification of 180 probesets displaying significant differential expression between groups \[[@B56]\]. Maschietto et al. \[[@B57]\] identified an SZ classifier comprised of six genes (HERPUD1, HOXA13, CTNNA1, SULT1A1, PIK3R3, and MALAT1) able to discern between SZ and controls regardless of treatment.

4.3. Bipolar Disorder {#sec4.3}
---------------------

Tsuang and colleagues \[[@B30]\], using blood-based gene expression, identified an eight-gene putative biomarker capable of discerning individuals with BD, SZ, and controls with 95% accuracy. Middleton et al. \[[@B32]\] demonstrated that peripheral gene expression can be successfully used to identify differences between affected individuals and their unaffected siblings in a sample of 33 SZ and 5 BD discordant sib-pairs.

The peripheral gene expression studies reviewed in this section demonstrate the feasibility of peripherally extracted coding and noncoding RNA to provide insights into brain-based disorders. One can reliably say that this area of research is valuable and continues to grow, although more studies are required to establish robust trait and response biomarkers. Those studies appear to be in progress; meanwhile, the utility of using blood as a neural probe continues to be frequently raised as an objection by critics to these studies. Certainly, if only single genetic causes of SZ, BD, or MDD were found and that RNA was only expressed in the brain, this argument would be convincing and valid. However, others in the field of molecular psychiatry would see neuroimmune markers influencing and interacting in both peripheral and central compartments and that these putative biomarkers could be relevant for the predisposition, state, and progression of these disorders.

5. Peripheral Gene Expression of Treatment Response {#sec5}
===================================================

There has been limited, albeit promising, work published to date probing gene expression changes associated with treatment response in individuals with psychiatric disorders.

5.1. Major Depressive Disorder {#sec5.1}
------------------------------

Iga et al. \[[@B45]\] measured peripheral gene expression before and after treatment and reported high levels of histone deacetylase 5 (HDAC5) and cyclic-AMP response element binding protein 1 (CREB1) prior to treatment, with a significant reduction following 8 weeks of antidepressant treatment. Their findings for HDAC5 were recently confirmed by Hobara et al. \[[@B58]\] in a comparison of levels of HDAC5 in subjects with current MDD compared to a sample of MDD subjects in remission. A similar scenario was seen for the vascular endothelial growth factor (VEGF) gene, where mRNA levels were increased in the depressive state and diminished following antidepressant treatment. This decrease in VEGF mRNA levels, however, does not appear to translate into alterations in protein serum levels \[[@B59]\], suggesting the possibility of posttranscriptional modifications altering VEGF protein levels. However, the sample size used in this study was quite small (*N* = 25); thus, replication in larger treated samples is necessary.

Belzeaux et al. \[[@B60]\] identified specific candidate gene expression changes associated with antidepressant treatment response by qPCR; these included downregulation of the HDAC5 gene (confirming findings from studies outlined previously) and upregulation of serotonin receptors 1B and 2A, the serotonin transporter, and CREB1 (which is in disagreement with previous findings) \[[@B45]\]. A limitation of this study was the impossibility of isolating gene expression changes specific to individual antidepressants, since the subjects in the study had undergone a variety of treatments. In a sample of 16 MDDs and 13 matched control subjects, longitudinally followed for 8 weeks, Belzeaux and colleagues \[[@B61]\] ascertained mRNA and miRNA differences between responders, nonresponders, and controls. The putative combination of four genes expression patterns (PPT1, TNF, IL1B, and HIST1H1E) could predict treatment response. In another longitudinal study investigating peripheral gene expression patterns of response to citalopram in a sample of 63 MDDs, Mamdani et al. \[[@B62]\] found interferon regulatory factor 7 (IRF7) to be the most significantly differentially expressed gene, with expression being upregulated in responders after 8 weeks of treatment. Furthermore, the IRF7 gene was found to exhibit decreased expression in the prefrontal cortex of subjects who died during a current depressive episode and were unmedicated, compared to controls.

5.2. Schizophrenia {#sec5.2}
------------------

Peripheral gene expression studies of antipsychotic response, as in the case of antidepressant response studies, are not numerous; however, they are encouraging while indicating a need for larger studies to be performed. The effect of treatment on gene expression compared to baseline/untreated levels was explored by Kuzman and colleagues \[[@B56]\] when 14 of their original 32 subjects achieved remission with second-generation antipsychotic treatment and were found to have control levels of DAAM2 compared to an increase prior to treatment initiation. Vik-Mo and colleagues \[[@B63]\] determined that the expressions of fatty acid synthase and stearoyl-CoA desaturase were increased in treated individuals using a total sample of 38 psychotic subjects (19 treated with olanzapine monotherapy and 19 unmedicated). This result is not only an indication of treatment response; it might also be related to a weight gain drug effect observed with some antipsychotics. De and colleagues \[[@B64]\] performed a large peripheral gene expression study encompassing actively medicated SZ subjects (*N* = 92), unmedicated SZ (*N* = 29), and 118 healthy controls. The authors focused on determining coexpression networks associated with SZ, regardless of treatment, in which they found that the most significant network branched out from the ABCF1 gene, a gene regulated by the major histocompatibility complex, and located in an SZ-associated genetic region \[[@B65], [@B66]\].

5.3. Bipolar Disorder {#sec5.3}
---------------------

In a sample of 59 patients, with SZ or BD and having experienced their first psychotic episode, Gutiérrez-Fernández and colleagues \[[@B67]\] investigated the peripheral gene expression of CNPase (2′,3′-cyclic nucleotide 3′-phosphodiesterase) and MBP (myelin basic protein), prior to treatment initiation and after one year of treatment, and found no differences in gene expression between the two time points. Thus, these two genes do not appear to be possible treatment response biomarkers \[[@B67]\]. Beech et al. \[[@B68]\], in a group of 20 depressed BD patients and 15 controls, identified 1,180 genes having differential expression between cases and controls. However, there was no significant association of these 1,180 genes with response in a subgroup analysis of their initial BD cohort (*N* = 11 treated with antipsychotics, *N* = 9 untreated). In their study, Zain et al. \[[@B69]\] focused their inquiry on the antipsychotic olanzapine and the gene expression of PDLIM5 in BD subjects. They observed a significant decrease in symptom severity after 8 weeks of olanzapine treatment; however, the observed amelioration of symptoms was not correlated with gene expression. Further, they witnessed no significant differential expression between pretreatment and 4-week or 8-week treatment measures.

Kikuchi et al. \[[@B70]\] identified the gene expression of VEGFA (vascular endothelial growth factor A) to be downregulated by lithium in BD subjects using whole blood RNA and qRT-PCR; this observation corroborates previous findings of reduced VEGFA expression in lymphoblastoid cell lines treated with lithium \[[@B71]\]. These studies focused on the drug effects of lithium on expression, while Lowthert and collaborators (2012) \[[@B72]\] investigated gene expression associated to lithium response by performing a peripheral gene expression study with 20 depressed BD patients treated with lithium for 8 weeks. They observed 127 genes to show differential expression between response groups with apoptosis regulatory genes being upregulated in responders to lithium.

Collectively, studies of treatment response and antipsychotics on peripheral gene expression did not display significant effect although the drugs were effective in a subgroup of patients. This situation was different in the case of lithium, where there appeared to be at least some positive peripheral gene expression biomarkers of BD and lithium response, although they are not numerous; the studies were positive and invited future biomarker studies.

6. Example of an Antipsychotic Biomarker Study---Schizophrenia {#sec6}
==============================================================

We next report an example of methods and preliminary findings for antipsychotic treatment biomarkers in first-episode SZ from our own mRNA work. We hypothesized that a subset of genes would differentiate and be useful to predict potential responders to two second-generation antipsychotics, olanzapine and risperidone, and test whether gene expression correlates to antipsychotic response to identify responders versus nonresponders prior to treatment.

6.1. Methods {#sec6.1}
------------

First-episode subjects with schizophrenia were recruited from the inpatient services of the Zucker Hillside Hospital in Glen Oaks, NY, USA and the Bronx-Lebanon Hospital in Bronx, NY, USA as part of a clinical trial in first-episode schizophrenia. Diagnosis of schizophrenia, schizophreniform disorder, or schizoaffective disorder was determined with the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID), and subjects were randomly assigned to treatment with olanzapine (*n* = 15) or risperidone (*n* = 15) for 16 weeks. The initial daily dose was 2.5 mg for olanzapine and 1 mg for risperidone. A slowly increasing titration schedule was used: after the first week, dose increases occurred at an interval of one to three weeks until the subject improved or reached a maximum daily dose of 20 mg of olanzapine or six mg of risperidone. Psychopathology was assessed with the Schedule for Affective Disorders and Schizophrenia-Change version with psychosis and disorganized items (SADS-C(+PD)). Response was defined a priori as a rating of mild or better on the (SADS-C(+PD)) positive symptom items (severity of delusions, severity of hallucinations, impaired understandability, derailment, illogical thinking, and bizarre behavior) plus a CGI rating of much improved or very much improved. The response criteria required that substantial improvement be maintained for two consecutive visits. There were a total of 15 responders and 15 nonresponders (11 males and 4 females per group), taking into account both treatment options ([Table 1](#tab1){ref-type="table"}). When looking at the antipsychotics individually, we have equivalent numbers of responders and nonresponders to treatment (risperidone: *R* = 8, NR = 8; olanzapine: *R* = 7, NR = 7). There was no difference in the numbers of male and females in the responder and nonresponder groups. The age and RIN of the cohort were not statistically different between groups. This cohort was used for both Affymetrix Human Exon 1.0 ST arrays and SYBR Green real-time gene expression assays using the housekeeping gene SLC9A1 as a reference. This cohort was obtained with IRB approval at the Zucker Hillside Hospital. Blood was collected at the onset of the study.

To aid in identification of responders versus nonresponders, we attempted to use previously published gene expression regulation data to identify cis-regulated transcripts associated with treatment response. The *mRNA by SNP Browser version 1.0.1* software was used to query the 22 transcripts that had significant "treatment response × probeset" effect that passed FDR (shown in [Table 2](#tab2){ref-type="table"}) and transcripts with significant "treatment response × medication × probeset" effects (See Supplementary Table 1 in Supplementary Material available online at <http://dx.doi.org/10.1155/2013/748095>). Those transcripts which had significant cis-SNP predictions on expression are shown in [Table 4](#tab4){ref-type="table"}. The *mRNA by SNP Browser*software \[[@B73]\] contains association results of 54,675 transcripts with 406,912 SNPs (*P* \< 0.05) and allows SNPs to be visualized in their genomic context along with linkage disequilibrium maps and putative haplotype blocks derived from the analysis of over 3 million SNPs genotyped in several populations by the International HapMap project.

In a preliminary post hoc analysis of the exon array biomarker expression data, there were 14 subjects who were also genotyped on the Affymetrix 500 K chip array \[[@B75]\]. We calculated an "SNP × probeset expression" interaction. Using the results of our screening technique above ([Table 4](#tab4){ref-type="table"}), we then assessed the relationship between genotypes at six SNPs that were identified by the *mRNA by SNP Browser* or found to be in high linkage disequilibrium to SNPs identified by the mRNA by SNP Browser (see [Table 4](#tab4){ref-type="table"}).

To identify probesets predictive of treatment response, a discriminant analysis was run in Partek Genomics Suite 6.5. A total of 584 variables (all probesets representing the 22 genes with expression significantly associated with treatment response × probeset) were entered into a forward selection method. The data was divided into two partitions with one level cross validation. Ingenuity Pathway Analysis (Redwood City, CA, USA) was used to determine the canonical pathways to which probesets demonstrating significant *P* values for "treatment response × probeset" and "medication × treatment response × probeset" interactions belonged.

7. Results {#sec7}
==========

7.1. Effects of Treatment Response and Medication on Exon Array Expression {#sec7.1}
--------------------------------------------------------------------------

The main effects of treatment response (responders versus nonresponders) and medication (olanzapine versus risperidone) on LCL exon expression were examined in first-episode subjects with schizophrenia with no or very limited prior antipsychotic drug treatment. Probeset interaction effects were examined to identify exon-specific changes in expression. Using FDR step-up correction and a significance threshold of 0.05, there were 22 transcripts with statistically significant treatment response × probeset effects ([Table 2](#tab2){ref-type="table"}). To identify medication-specific predictors of antipsychotic response, we also examined treatment response × medication × probeset effects on expression and identified 245 transcripts passing FDR step-up correction (Supplementary Table 1). Lastly we examined medication effects on expression and identified 210 transcripts with statistically significant medication × probeset effects (Supplementary Table 2).

7.2. QPCR Validation of Top Ranked Genes {#sec7.2}
----------------------------------------

Five candidate genes were selected for qPCR validation based on *P* value and fold change of probesets with altered expression between responder and nonresponder cell lines. All qPCR results were concordant when compared to microarray in terms of the direction of fold changes. Three of five responder candidate genes were significantly altered in responders versus nonresponders or showed a trend toward significantly altered expression (*P* \< 0.10) (see [Table 3](#tab3){ref-type="table"}).

7.3. Ingenuity Pathway Analysis {#sec7.3}
-------------------------------

Ingenuity Pathway Analysis was conducted on a merged list of the 200 most significant RefSeq transcripts combined with the probesets having the lowest *P* values for the effects of "treatment response × probeset" and "medication × treatment response × probeset" as the input variables for the data set to query significantly altered named transcripts in responders versus nonresponders (See [Table 4](#tab4){ref-type="table"} and Supplementary Tables 3 and 4). There was a trend toward an overrepresentation of genes implicated in axonal guidance signaling (12 out of 200 genes, *P* = 0.04 after Benjamini-Hochberg correction). The 12 genes were ADAM23, ARHGEF11, BMP6, FYN, LINGO1, PRKCD, PTK2, PXN, ROBO1, SEMA4B, VEGFB, and WNT6. The direction of change varied in terms of direction between responders and nonresponders. The remaining most overrepresented pathways are shown in [Table 4](#tab4){ref-type="table"}.

A second aim of this biomarker study was to identify cis-regulated alterations in gene expression using the *mRNA by SNP Browser* \[[@B73]\] to identify SNP-associated eQTLs (expression quantitative trait loci) for further study in the context of an association with treatment response. The utility of SNPs associated to gene expression as possible biomarkers was previously reviewed by our group \[[@B74]\]. We interrogated the 22 most significant treatment response-associated transcripts, as mentioned above, using the *mRNA by SNP Browser.* Transcripts with significant eQTLs within the same gene (cis-regulated) are listed in [Table 5](#tab5){ref-type="table"}.

In a post hoc analysis of 14 subjects with exon array expression data who were also genotyped on the Affymetrix 500 K chip array \[[@B75]\], the interaction effect of SNP × probeset expression was calculated. We observed an association between CXCL10 gene expression and the genotype of rs8878, a 3′-UTR A/G SNP in CXCL10 (*P* = 0.02). We also observed a significant correlation between expression of CXCL10 probesets 2773961 and 2773970 (see [Figure 1](#fig1){ref-type="fig"}) and the number of A alleles (0, 1, or 2).

7.4. Discriminant Analysis {#sec7.4}
--------------------------

A discriminant analysis was run in Partek Genomics Suite. A total of 584 variables were entered into a forward selection method and analyzed in two partitions. The variables shown to be predictive for each of the partitions were probesets 2526040 (CPS1), 3044290 (CRHR2), 3062804 (TECPR1), and 3812923 (NETO1) for partition one and 3035013 (ADAP1), 2525992 (CPS1), and 3813931 (NETO1) for partition two. Expression of these probesets correctly classified 12/15 (80%) of responders and 12/15 (80%) of nonresponders. Although this result is encouraging since a cross validation was performed with independent subjects, it warrants confirmation in a larger sample of treated individuals.

8. Summary of Antipsychotic Treatment Study Findings {#sec8}
====================================================

The main finding in this study of SZ antipsychotic treatment response was alteration of 22 transcripts in treatment responders versus nonresponders from subjects with schizophrenia treated with second-generation antipsychotics. The most overrepresented functional group of genes was involved in axonal guidance signaling and included several genes previously linked to schizophrenia. An 80% cross-validation rate using two sets of subjects was obtained to predict initial responders from nonresponders to antipsychotic treatment during a six-week interval. Although this work requires larger number of subjects and a replication study, it suggests biological pathway differences that influence antipsychotic response leading to successful treatment response. Furthermore, six of the identified transcripts had highly significant cis-regulatory SNPs (see [Table 5](#tab5){ref-type="table"}). From this set of six SNPs, an SNP in the gene CXCL10 was associated with both CXCL10 expression and treatment response. This is of interest due to the associations being found between immune response and neuropsychiatric disorders \[[@B28], [@B69]\] and the association of CXCL10 with antidepressant treatment response in MDD \[[@B28], [@B76], [@B77]\].

9. Future Directions {#sec9}
====================

With the advent of next generation sequencing (NGS), clinical researchers have begun to apply this technique to peripheral blood RNA in SZ, MDD, BD, and other disorders \[[@B78], [@B79]\]. The use of NGS can be useful for discovering alternatively spliced RNA, novel long- and short-noncoding RNA, and overall expression levels of RNA that could also be associated with treatment responders. It is envisioned that, once a panel of treatment response biomarkers has been selected and validated, digital tag counting of RNA coding and noncoding molecules from a blood sample could be useful for a clinical test and direct assessment of a panel of biomarkers, eliminating reverse transcription and amplification and improving the reliability of such personalized tests to predict treatment response.

10. Conclusions {#sec10}
===============

Major depressive disorder, bipolar disorder, and schizophrenia are devastating disorders affecting at least 15% of the general population. Many functional genetic candidates have emerged from investigations into the underlying causes of these disorders and treatment response; however, these findings have not been widely replicated. Some likely causal factors for the inconsistency of these biomarker results are the complex nature of psychiatric disorders, as well as individualized treatment response profiles. Complex psychiatric disorders are characterized by an incomplete penetrance, an absence of classic Mendelian transmission likely due to gene × gene and gene × environment interactions, genetic heterogeneity, and broad phenotype definitions which translate into decreased power to detect individual gene effects \[[@B80]\]. This complexity is mirrored in treatment outcome, with the majority of subjects not reaping any or limited benefit from treatment. Although much effort has been put toward purely genetic markers of treatment response \[[@B2]--[@B5]\], genetic variation alone might not explain response, suggesting that other factors are likely to be involved. This underlies the importance of gene expression studies of response and the need to provide increasing benefit with administered treatments through the identification of robust peripheral biomarkers. The studies reviewed herein provide several accounts of plausible biomarkers of positive treatment response, for example, CXCL10, highlighting several interesting and biological pathways with individual variation such as the immune system, while demonstrating the need for larger studies. These further studies are a step towards the identification of biomarkers which can eventually be used in a clinical setting to provide personalized treatment to affected individuals.

Supplementary Material {#supplementary-material-sec}
======================

###### 

Supplementary Table 1. There were 245 transcripts with statistically significant treatment response x medication x probeset interaction effects on expression after FDR step-up correction. The Affymetrix transcript ID, gene symbol, nominal p-values, FDR step-up p-value, and means for each group are shown in the table.

Supplementary Table 2. There were 210 transcripts with statistically significant Medication x Probeset interaction effects on expression after FDR step-up correction.

Supplementary Table 3. Input variables for Ingenuity Pathway Analysis of the 200 genes most significantly associated with treatment response x probeset effects on expression.

Supplementary Table 4. Input variables for Ingenuity Pathway Analysis of the 200 genes most significantly associated with treatment response x medication x probeset effects on expression.

###### 

Click here for additional data file.
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![This figure depicts a gene view of exon array expression. Treatment responders are shown in blue; nonresponders are shown in red. Median-centered expression values are shown for each probeset within the gene. Treatment responders exhibited a downregulation of CXCL10 relative to treatment nonresponders. We observed a slight effect of SNP rs8878 (Affymetrix probeset SNP_A-1871392) genotype on expression of chemokine (C-X-C motif) ligand 10 (CXCL10) probesets 2773961 and 2773970 and treatment response, which are shown in the rectangles. For clarity, error bars representing the standard error of the mean for each probeset were omitted.](DM35-01-748095.001){#fig1}

###### 

Demographics of first-episode schizophrenia subjects. The mean values ± standard deviation are shown for RIN, RNA ribosomal band ratio, and age.

  Treatment response   Drug treatment   *N*   Sex (M/F)   Average RIN   28S/18S     Age
  -------------------- ---------------- ----- ----------- ------------- ----------- ------------
  Nonresponder         Olanzapine       7     4/3         9.6 ± 0.3     1.7 ± 0.2   25.3 ± 6.3
  Nonresponder         Risperidone      8     7/1         9.4 ± 0.4     1.6 ± 0.1   25.7 ± 7.0
  Responder            Olanzapine       7     5/2         9.3 ± 0.6     1.6 ± 0.1   21.2 ± 2.1
  Responder            Risperidone      8     6/2         9.3 ± 0.3     1.7 ± 0.1   22.8 ± 3.6

###### 

There were 22 transcripts with statistically significant treatment response × probeset interaction effects on expression after FDR step-up correction. The Affymetrix transcript ID, gene symbol, nominal *P* values, FDR step-up *P* value, and means for each group and largest probeset fold change (FC) are shown in the table. Fold change was calculated as 2^(responder\ −\ nonresponder)^.

  Transcript ID   Gene symbol   TR × probeset *P* value   TR × probeset Step-up *P* value   Mean nonresp.   Mean resp.   FC
  --------------- ------------- ------------------------- --------------------------------- --------------- ------------ ----------
  3034987         ADAP1         1.96 × 10^−14^            4.24 × 10^−10^                    1               0.86         1.3527
  3062794         TECPR1        3.59 × 10^−08^            3.19 × 10^−04^                    0.69            0.7          1.13796
  2566848         AFF3          4.44 × 10^−08^            3.19 × 10^−04^                    −0.09           0.08         −1.52384
  3812922         NETO1         4.08 × 10^−07^            2.20 × 10^−03^                    −0.16           0.03         −1.58384
  3521372         DZIP1         5.94 × 10^−07^            2.56 × 10^−03^                    −0.32           −0.46        1.44937
  3224650         DENND1A       1.40 × 10^−06^            5.04 × 10^−03^                    0.77            0.69         1.70799
  3933131         C21orf129     1.73 × 10^−06^            5.23 × 10^−03^                    −0.1            −0.09        −1.45665
  3044283         CRHR2         1.94 × 10^−06^            5.23 × 10^−03^                    0.12            0.12         1.54165
  2525989         CPS1          2.29 × 10^−06^            5.48 × 10^−03^                    −0.43           −0.28        −1.30682
  3601229         CD276         3.33 × 10^−06^            7.18 × 10^−03^                    0.46            0.35         1.42523
  2773958         CXCL10        4.17 × 10^−06^            8.18 × 10^−03^                    −0.56           −0.31        −1.54359
  2317317         TP73          4.78 × 10^−06^            8.59 × 10^−03^                    1.14            1.02         1.24552
  3901296         CST3          5.63 × 10^−06^            9.34 × 10^−03^                    0.93            0.83         1.31194
  3956781         AP1B1         1.33 × 10^−05^            0.02                              1.45            1.37         1.19835
  3638760         IDH2          1.46 × 10^−05^            0.021                             1.45            1.37         1.28415
  3494137         LMO7          1.99 × 10^−05^            0.026                             0.33            0.48         −1.53258
  2450798         LAD1          2.01 × 10^−05^            0.026                             0.57            0.51         1.2701
  3724858         TBX21         2.22 × 10^−05^            0.027                             0.95            0.76         1.38771
  3376433         SLC22A25      2.46 × 10^−05^            0.028                             −0.58           −0.58        −1.16635
  2676182         NT5DC2        2.79 × 10^−05^            0.03                              1.13            1.03         1.29257
  2930418         UST           4.01 × 10^−05^            0.041                             0.24            0.58         −1.56098
  3821847         ASNA1         4.74 × 10^−05^            0.046                             1.48            1.43         1.32183

TR: treatment response; resp.: responder; nonresp.: nonresponder.

###### 

The expression of five treatment response genes and one housekeeping gene was examined by qPCR. Results are shown below. Three genes were significantly altered in responders compared to nonresponders. The fold-change (FC) and *P* values after normalizing to the housekeeping gene SLC9A1 are shown below. The ΔCt was calculated by subtracting the Ct of the gene of interest from the Ct of the housekeeping gene SLC9A1. Fold change was calculated as 2^−(treatment\ responder\ mean\ −\ treatment\ nonresponder\ mean)^ for qPCR data and 2^(treatment\ responder\ mean\ −\ treatment\ nonresponder\ mean)^ for microarray data. The direction of fold change between diagnosis groups using microarray and qPCR data was consistent for 100% of the genes. A total of 62% of attempted validations were significant when gene expression was measured by qPCR.

  Gene symbol   Probeset   *P* value   qPCR FC   Microarray FC
  ------------- ---------- ----------- --------- ---------------
  NETO          3812943    0.05        2.11      1.39
  AFF3          2566939    0.05        3.25      1.35
  DENND1A       3224806    0.08        0.73      0.59
  ADAP1         3034993    0.22        0.75      0.73
  CPS1          2526061    0.43        1.4       1.19

###### 

The five most significantly overrepresented canonical pathways identified by Ingenuity Pathway Analysis based on a list of 200 genes with expression associated with treatment response × probeset or medication × treatment response × probeset.

  Treatment response × probeset (*n* = 200 genes)                                   B-H *P* value
  --------------------------------------------------------------------------------- ---------------
  Axonal guidance signaling                                                         0.04
  Cholecystokinin/gastrin-mediated signaling                                        0.22
  Role of macrophages, fibroblasts, and endothelial cells in rheumatoid arthritis   0.22
  ERK/MAPK signaling                                                                0.26
  VEGF signaling                                                                    0.26
                                                                                    
  Medication × treatment response × probeset (*n* = 200 genes)                      B-H *P* value
                                                                                    
  *Α*-adrenergic signaling                                                          0.01
  Reelin signaling in neurons                                                       0.02
  Insulin receptor signaling                                                        0.03
  Fc*γ* receptor-medicated phagocytosis in macrophages and monocytes                0.03
  CREB signaling in neurons                                                         0.03

B-H *P* value: Benjamini-Hochberg false discovery rate.

###### 

Putative pharmacogenomic candidate SNPs related to treatment response. From the set of 22 named transcripts, 7 genes had significant associations between expression and SNP genotypes according to the *mRNA by SNP Browser*. Of these 7 genes, the actual expression and genotypes of CXCL10 were associated with treatment response in the 30 subjects measured in this study. When the Illumina array SNP listed in the mRNA SNP Browser was not represented on the Affymetrix array, the nearest Affymetrix SNP chip probeset in high linkage disequilibrium with the Illumina array SNP was identified.

  Gene Symbol   Probeset        Illumina SNP   *P* value from *mRNA by SNP Browser*   LOD    Nearest Affymetrix SNP chip probeset   *r* ^2^   *D*′
  ------------- --------------- -------------- -------------------------------------- ------ -------------------------------------- --------- ------
  TAF6          203572_s\_at    rs13309        3.6 × 10^−9^                           7.6    SNP_A-2111153                          0.14      0.7
  GCLM          236140_at       rs7515191      1.5 × 10^−17^                          15.8   SNP_A-1807012                          0.2       1
  CCT5          229068_at       rs544          2.9 × 10^−9^                           7.7    SNP_A-1980667                          1         1
  ARID3A        205865_at       rs1051504      1.1 × 10^−14^                          13     SNP_A-2145232                          0.18      1
  CXLC10        204533_at       rs8878         3.7 × 10^−9^                           7.5    SNP_A-1871392                          ∗         ∗
  USP31         1558117_s\_at   rs10492970     1.2 × 10^−7^                           6.1    SNP_A-1791706                          ∗         ∗
  GPX7          213170_at       rs835342       2.0 × 10^−18^                          16.6   SNP_A-2236769                          ∗         ∗

\*Illumina SNPs and Affymetrix SNPs were identical.

[^1]: Academic Editor: Daniel Martins-de-Souza
